The mesosomes of log-phase Staphylococcus aureus ATCC 6538P and Staphylococcus aureus phage-type 80/81, as seen in situ in ultrathin sections, were of the vesicular type. The constituent vesicles ranged from 35 to 50 nm in diameter when the glutaraldehyde-osmi um-uranium-lead sequence of fixation and staining was used. During protoplasting in hypertonic buffer containing a muralytic enzyme, vesicles of the same size were extruded and required magnesium ion to maintain structural integrity. The vesicles, purified from the protoplasting supernatant medium by density gradient centrifugation, maintained size and configuration in a homogeneous preparation. Cytoplasmic membranes, produced by osmotic shock and nuclease treatment of protoplasts, were similarly concentrated in gradients. However, they were not free of membrane-associated ribosomes nor of mesosomal vesicles except when prepared in the absence of magnesium.
Mesosomes (10, 17) , the intracytoplasmic membranous organelles which are most prominent in (though not restricted to) gram-positive bacteria, may occur in several configurations in the fixed, intact cell (3, 16) . Their possible functions have been often discussed, but few studies have been made of their isolation, purification, composition, and activities in vitro (5, 8, 9, 12, 13, 14, 21, 22, 29, 36) . Few of these reports show the sequence of ultrastructural changes during protoplasting and mesosome vesicle release, and most utilized rod-shaped bacteria.
We present here the ultrastructure of some staphylococcal mesosomes in situ, during release of their components by protoplasting with a muralytic enzyme, and after purification of the resultant vesicles by differential and density gradient centrifugation. Cytoplasmic membrane preparations from disrupted and enzymatically treated protoplasts were similarly concentrated and examined. A preliminary report of the findings has been made (T. J. Popkin, T. S. Theodore, and R. M. Cole (28) and kept at room temperature for 2 hr. The fixed whole cells or protoplasts were collected by centrifugation at 10,000 x g for I hr. The supernatant fluids, containing the mesosomal vesicle fraction, were centrifuged at POPKIN, THEODORE, AND COLE were done by the methods of Ryter and Kellenberger (26) .
Pellets or band materials from gradients were similarly fixed.
Dehydration in graded solutions of ethanol was followed by propylene oxide and final embedment in Epon 812 (19) . Thin sections (silver-gray) were cut on an LKB Ultratome I with a diamond knife, placed on Formvar-coated copper grids, and stained for 3 min with alkaline lead citrate (23 (33) . In brief, after optimal time of exposure to LS enzyme in hypertonic buffer, protoplasts and any residual cell walls or whole cells were removed by centrifugation at 10,000 x g for I hr. After washing in the buffer, followed by osmotic shock in hypotonic buffer and treatment with deoxyribonuclease and ribonuclease, these preparations were again washed and sedimented on cesium chloride or sucrose density gradients to give bands of the resultant membranes. The original protoplasting supernatant was centrifuged at 100,000 x g for 2 hr and similarly washed and sedimented on cesium chloride or sucrose density gradients to give bands of mesosomal vesicles.
RESULTS
In thin section, cells of S. aureus 80/81 and ATCC 6538P appeared similar, but not identical, to other staphylococci (1, 2, 5, 18, 30-32, 35, 36 ; also see Fig. la-lc). There were no apparent differences in morphology between cells grown on TSB or AOAC media. The cell wall appeared trilaminar as in some other gram-positive bacteria (2, 4, 16, 34) , and a well-defined submural periplasm or "gap substance" (20) separated wall from cytoplasmic membrane (Fig. Id) . The cytoplasm and nucleoTd resembled those of other bacteria fixed by glutaraldehyde plus osmium, but ribosomes (except in lysing cells) were indistinct. The mesosomes in situ were conspicuous arnd usually arose from the membranous septum preceding the cross-wall, although peripheral mesosomes also occurred ( Fig. la and lc) . Unlike those reported in other staphylococci (1, 2, 5, 18, 30, 31, 35, 36) , these mesosomes were entirely vesicular. The component vesicles measured 35 to 50 nm in diameter. Occasionally, areas of apparent contact between nucleoid and mesosome could be seen (Fig. Ia) .
Because strain ATCC 6538P has more mesosomes per cell as compared with strain 80/81 under various growth conditions, most studies were performed with the former strain. However, the procedures employed were found equally suitable for either strain. When exposed to the LS enzyme, the cells incurred rapid lysis of cell wall with concurrent initiation of protoplasting in the hypertonic buffer. In a manner previously described (11, 12, 25, 27) , a pocketing of vesicles appeared between membrane and wall, and vesicles were released within 2 min as breaks appeared in the cell wall (Fig.  2a, 2b) . As protoplasting progressed, chains of vesicles could occasionally be seen attached to the protoplast membrane (Fig. 3a, 3b, 3c) . At 60 min of incubation, some whole cells, intact separated protoplasts, fragments of cell wall, and extracellular mesosomal vesicles were seen in the mixture (Fig. 4) . The diameters of the released vesicles were the same as those seen in situ. The protoplasting process and the appearance of the resulting mixture were the same whether 5 or 20% NaCl was used in the buffer.
Examination of the crude vesicle fraction (100,000 x g) from samples taken after 2 min of protoplasting, or later, showed primarily vesicular and probably spheroidal elements in the sections (Fig. 5) . The predominant small vesicles were bounded by a membrane of approximately 8.5 to 9.5 nm in total width, the inner layer of which was usually obscured by its approximation to the homogeneous granular vesicular content. The outer dense layer of membrane was approximately 3 nm in width. Vesicle diameters ranged from 35 to 50 nm, as in vesicles in intact cells and those released during protoplasting. Usually these crude preparations also contained some larger, membrane-bounded vesicles of a different internal appearance, apparently due to the presence of ribosomes (Fig. 5, arrows) . The membranes of these bodies were of the same dimensions as those of the smaller vesicles but were seen more clearly. These large contaminating vesicles could often be seen to originate from cells during protoplasting (Fig. 6 ). In addition, the crude fraction contained some tubular bodies and masses of free ribosomes and other cytoplasmic debris (Fig. 5) .
The contaminating particles were eliminated by subjecting the crude vesicle fraction to either cesium chloride or sucrose density gradient centrifugation. Preparations purified by cesium chloride (density 1.38 g cm-3) consisted of both vesicles (of uniform size range, 35 to 50 nm) and small tubular bodies (Fig. 7) . Preparations purified by banding in a 60 to 85% stepwise sucrose gradient (33) were more uniform (Fig. 8a, 8b) 000 x g ). Note the predominance of small vesicular bodies of same size and homogeneous content as mesosomal vesicles in situ (Fig. 1 ) and during release ( Fig. 2 and 3) . Occasional large vesicles with cytoplasmic content were seen (arrows). Bar, 0.5 Jim. reddish-brown band in the upper region of the gradient (33), were entirely vesicular, ranged from 35 to 50 nm in diameter, and contained a homogeneous material (Fig. 9) .
The upper band of mesosomal vesicles from the sucrose gradient were devoid of the larger membrane-bounded bodies present in the crude supernatant fraction. They were found in a lower, uncolored, diffuse band (33) of heterogeneous content (not shown here). Some membranous bodies of similar size, but predominantly protoplast membranes, were isolated from the osmotically shocked and nuclease-treated protoplast pellet (10,000 x g) after centrifugation in stepwise 60 to 75% sucrose gradients (33) . These membranes appeared in a single, sharp upper band; a diffuse, lower band was contaminated with cell walls, cellular debris, and a few unlysed protoplasts. Most of these bodies, which were distorted in shape, appeared relatively empty, but all contained what appeared to be membraneassociated ribosomes (Fig. 10a, 10b, 10c ). In addition, this band contained some free ribosomes and mesosomal vesicles.
When protoplasting was performed in the usual hypertonic buffer devoid of magnesium or other divalent cation, the supernatant fluid, after centrifugation at 100,000 x g, contained no mesosomal vesicles, and only a few ordered structures of uncertain nature were seen in sections from such a preparation (Fig. 11) . On the other hand, the protoplast fraction (10,000 x g) following osmotic shock and nuclease treatment contained few visible or membrane-associated ribosomes or mesosomal vesicles, but intact membranes, some unlysed protoplasts, and fragments of cell wall were present (Fig. 12) . These fractions were not subjected to density gradient centrifugation in this study.
DISCUSSION
This study shows that, although other features of intact cells were similar, the vesicular mesosome configurations seen in the strains of S. aureus examined were different from the tubules or lamellae reported in other staphylococci. It is uncertain whether these differences may be due to strain, media, conditions of growth, phase of growth, or preparative procedures for electron microscopy. Pretreatments (16) or conditions of fixation may influence mesosomal form, and Burdett and Rogers (3) recently emphasized the importance of ionic strength and divalent cation content of the fixing solution. They conclude that (in bacilli) constricted tubules and vesicles, and not lamellar membranes, represent the normal state in rapidly growing cells fixed successively by glutaraldehyde and the Ryter-Kellenberger (26) procedures, if initial ionic strength and divalent cation content are adequate. Our procedures for fixing log-phase cells, in which magnesium replaced calcium, appear to meet their requirements. Our holding period in sucrose-phosphate buffer (28) occurred after glutaraldehyde fixation, and the sucrose concentration (0.02 M) was below that said to influence mesosomal vesiculation (3). Therefore, we believe that the vesicular appearance of these staphylococcal mesosomes was not caused by fixation.
Under the described conditions of protoplasting, the mesosomal vesicles of the staphylococci were extruded as described in other bacteria ( I1- 14, 25, 27) . Infrequent examples were seen of their presumably temporary adherence to the protoplast membrane as chains of vesicles (11, 12, 21, 25) adherence and that individual vesicles can be these vesicles is the size conformity among vesifreed by lowering it (6, 22) (14) . Although membrane-bounded and with homogeneous content of unknown nature, they are clearly distinct from the fraction containing cytoplasmic membranes (Fig. 10a, 10b, 10c) . The small "tubules" (Fig. 7) in cesium chloride gradient preparations are not usually seen during protoplasting nor in sucrose gradients (Fig. 8a, 8b) , and we consider them to be collapsed mesosomal vesicles resulting from dehydration or other unknown effects of cesium chloride. Clearly, these vesicles lose structural integrity in the absence of magnesium ion (Fig. 11) . On the other hand, under the same conditions, protoplast membranes remain intact whereas ribosomes decrease (Fig. 12) . A similar effect of magnesium deficiency on the membrane-associated ribosomes of E. coli envelope preparations has been recently described by Haywood ( 15) .
We wish to emphasize that in this or any similar studies it is the internal membranous bodies (be they vesicular or other in shape) of the mesosome that are extruded and purified. There is no evidence that the portion of membrane which forms the enclosing mesosomal sac is included in the concentrated preparations often referred to as purified mesosomes. An interesting question is whether the evaginated sac portion of the mesosome-if it could be distinguished from the rest of protoplast membrane-may have functions different from those of its contained vesicles or of cytoplasmic membrane. However, our present efforts are directed to the chemical composition and in vitro functions of mesosomal vesicles of S. aureus purified as described, and to comparison with protoplast membranes and with results obtained in other bacteria (6, 8, 9, 12, 14, 21, 22) .
